Abstract -The magnetooptic effect is due to a change in the polarization of the light when it is reflected or passes through a magnetized material. The rotation of the polarization plane is proportional to the magnetic field. The great advantage of using a magnetooptic sensor to measure currents or magnetic fields is its wide bandwidth. It can reach the magnitude of several GHz. This fact is widely known, however no effective measurements have been taken. In this paper we present the frequency response of a cobalt thin film used as magnetooptic material. It was first excited by several sinusoidal magnetic fields at different frequencies. The range of frequencies studied in the first experiment reached 200 Hz, which is suitable to measuring power lines currents or magnetic fields. Because the coil that creates the magnetic field has a great impedance at higher frequencies, an alternative method based on magnetic impulses has been designed to obtain high frequency data. With the latest experiments we have been able to measure frequencies as high as 2 MHz, obtaining a flat response.
I. INTRODUCTION
When a polarized beam passes through a magnetized material its polarization plane rotates [1] [2] [3] . This effect was first discovered by Michael Faraday in 1845. The law that regulates the rotation is (1) .
Where is the rotation angle, À is the magnetic field, Î is the Verdet constant (which depends on the magnetooptic characteristics of the material) and Ð is the length of the path traveled by the light inside the material. Obviously, for the same thickness and the same material, the rotation angle is proportional to the magnetic field. The magnetooptic material used in the sensor is a thin cobalt film [4] [5] .
When designing a sensor, one of the questions that arises is what type of signals are going to be measured, and consequently, what range of frequencies are necessary to be detected. The aim of this paper is to calculate the bandwidth of the sensor based on a thin cobalt film. Then, the uses of the sensor could be stated. The thin film cobalt sample is 200 Å thick. We also intend to test in future experiments, if there is a relationship between the thickness and the bandwidth of the material. Initially, the setup included a Helmholtz coil to create the magnetic field. Calibrating measurements of the magnetic field with a fluxometer indicate that the coil is able to give 85 Oe/A. The equivalent circuit is displayed in Figure 1 . It has been possible to reach 179 Hz without problems or drawbacks. However, for frequencies higher than that, the impedance would grow too high, see table I, and the magnetic field would turn to be too weak for our purpose. Nevertheless, interesting results can be obtained in that frequency range and they will be reported in the next section. It is necessary, then, to design a more complex excitation circuit or try to fabricate another coil with a higher magnetic field per ampere ratio. None of these alternatives would fit our purposes if signals at very high frequencies are going to be measured. The next step considered was to minimize the radius of the coil so that the magnetic field would increase proportionally. The turned wire should be very thin and it would not support high currents during long periods of time. Hence, the average value of the intensity should be very small and so the energy delivered in every cycle. The adopted solution was to create magnetic pulses and then, to study the time response of the system with the aid of a system identification tool.
The sample was introduced between a small pair of coils. These were connected together in the same way as if they were a tiny Helmholtz coil. The length of each one was 6 mm; the outer diameter, 4 mm and the inner diameter, 1,5 mm. This one, being so small allowed us to obtain high magnetic fields. The equivalent circuit is shown in Figure 2 .
The measurements taken using these two coils and the interesting results obtained with magnetic pulses will be presented in the following sections.
II. MEASUREMENTS
Several sets of measurements have been taken using two different magnetic field generators. The input is the intensity through the coil or the magnetic field created by the coil. The output is the signal detected by a photodiode amplified with an intensity-to-voltage amplifier. The spectra of these signals an the relation between them is calculated obtaining the frequency response of the system. If this curve is flat, we can assert that the bandwidth of the cobalt is beyond the maximum frequency measured.
A. Helmholtz coil
For the first coil, a function generator has been used to create a sinusoidal wave of different amplitudes and different frequencies. This signal is amplified with a TDA7294 and the output is connected to the Helmholtz coil, see Figure 3 .
The plot of the amplitudes of the input signal versus the output of the sensor is shown in Figure 4 . As it was explained before, the more frequency we try to impose, the less intensity and magnetic field we get due to the high autoinductance. This is why the plot has more values in the region of low magnetic field. At low frequencies we have a maximum magnetic field in 16 mT, and the minimum field measured is 400 T at any frequency.
Notice that the slope of the line is the ratio between the output and the input to the system considered. The frequency response can be plotted calculating the slope of the linear function for each frequency, Figure 5 . The value corresponding to 110 Hz has a slight difference compared to the rest of the frequencies. This is probably due to the fact that a different averaging method was used for this frequency point. Nevertheless, it can be observed that the response is linear from zero to 179 Hz.
Similar plots have been calculated for other thickness of cobalt film. The response is also linear but the gain is different as it was expected.
B. Small coil
It is possible to compute the frequency response of a system studying the response to a step in the input signal. Following this argument the use of a magnetic pulses generator has been considered. The first idea is to discharge a capacitor through a coil of N spires.
The radius should be small enough to create a high magnetic field. However, the laser beam and the magnetic field must be parallel to each other and perpendicular to the cobalt sample. Hence, the light must pass through the coil, then through the sample and finally, hit the photodiode at the sensor.
The current through the spires would depend on its impedance. It must be low so that the current can be high. The impedance of the coil has been measured and its equivalent circuit is shown in Figure 2 .
These characteristics maximize the magnetic field as is shown
in (2), where is the radius of the spires, Ä is the length of the solenoid and AE is the number of spires. 
The circuit is quite simple. When the MOSFET is off, a 1000 F is charged up to 60 V through a resistor of 1 Kª. The time constant should be less than the trigger cycle. In the experiment the gate is in low level during 5 seconds which is enough to finish the charge of the capacitor. When the MOSFET is on, the current is abruptly conducted through the coil and the Ê ËÇAE of the MOSFET. This resistence is the same order of magnitude as the impedance of the coil. In order to reduce it, up to 4 MOSFET were connected in parallel, with the same trigger input. The driver was an IR2110 and the MOSFETs were some IRF530.
The current in the spire must be calculated, it cannot be mea- sured. In Figure 7 , it is shown the signal measured at the sensor and the time response of a voltage step created by the discharge of the capacitor. The measurements have been taken with an osciloscope Tektronix TDS 544A. The sampling frequency was ¡ ½¼ samples per second. The maximum frequency visible would be 25 MHz, theoretically. The total time sampled was 1 ms, so the minimum frequency we can appreciate is 1 KHz.
In order to obtain the time response of the intensity in the spires, it is necessary to perform the following calculations:
The the current, see Figure 8 .
If we look back to (2) , and once we have obtained the current in the spire, we could deduce the value of the magnetic field theoretically. However, this equation is valid for the value of the magnetic field inside an ideal solenoid and infinite long. In the experiment, the solenoid was far from being ideal. It was divided into two coils, very likely to the shape of a Helmholt coil, and the sample was placed between them. The magnetic field should not follow an easy equation as (2), but a much more complicated one or none at all. It is preferable to follow an indirect way of measuring the magnetic field. As it has been shown before, in Figure 4 , the relationship between the magnetic field and the response of the magnetooptic sensor is linear, at least up to 200 Hz. We can use these data to calibrate the response and convert the signal of the sensor into a magnetic field. Moreover, we can compare it with the theoretical one.
C. Frequency Response up to 2 Mhz
The input and output to the measuring system in study were analysed with the assistance of MATLAB and the System Identification toolbox. The energy of the signal is shown in Figure  9 . It can be seen that the signal is negligible for frequencies larger than 2 MHz, so in spite of been able to observe signals containing frequencies of 25 MHz, practically those signals are hidden by the noise in the output. For the time being, we will only consider frequencies up to 2 MHz; nevertheless, we are studying different approaches to this drawback and we hope to overcome it introducing a white noise signal as excitation.
The spectra analysis was performed with MATLAB. The results are shown in Figure 10 . The data in this figure are the frequency response of the whole system, output voltage versus input intensity. The cut-off frequency is 40 KHz. Then, the gain decreases with a slope of 20 dB/dec. This fact is due to the frequency response of the coil, the magnetic field or the current through the coil disminish at high frequencies.
However, the frequency response representing output voltage versus input voltage -voltage drop in the coil-is absolutely flat, see Figure 11 . These results are unquestionably encouraging and we are very confident in reaching responses at higher frequencies in a short period of time.
III. NEXT STEPS The experiment described above was done with a single trigger at the input gate of the MOSFET. Therefore, the information in terms of energy contained in the data is somewhat limited. The data above 2 MHz is not significative and should be ignored.
The next step in developing new measurements is to introduce a different signal through the MOSFET gate. This new signal must contain more information about high frequency harmonics. A white noise will accomplish the requirements. It can be simulated with a PRBS (Pulsed Random Binary Signal) at the gate. However, in order to observe high frequencies the charge of the capacitor should be quick enough to be discharged at a high rate. If a single capacitor is not sufficient, an array can be disposed in an array and sequentially discharged through the same coil.
The high frequency noise, which is present in Figure 7 , should be reduced to improve the signal-to-noise ratio. This noise is thought to be thermal noise due to the resistors and noise from the photodiode. We will explore different techniques to disminish its effect in the final signal [6] [7] .
The complete experiment should be repeated for a set of samples with different thickness. It is exceedingly interesting to test the bandwidth dependece with the thickness of cobalt. It will be applied to maximize the bandwidth according to the thickness in the case there is an appropiate relationship.
IV. CONCLUSIONS
In this paper we present a characterization study of thin cobalt film magnetooptic sensors. An exhaustive analysis for low frequency was performed presenting results up to 200 Hz. Moreover, an alternative method to increase the range of frequencies studied has been developed. The current limit of the experiment has reached a frequency as high as 2 MHz. It is being studied another technique to widen the maximum frequency studied at present. The final response of the system has turned to be linear and extemely flat as it was desired.
